During cardiac hypertrophy, the chief myocardial energy source switches from fatty acid ␤-oxidation (FAO) to glycolysis-a reversion to fetal metabolism. The expression of genes encoding myocardial FAO enzymes was delineated in a murine ventricular pressure overload preparation to characterize the molecular regulatory events involved in the alteration of energy substrate utilization during cardiac hypertrophy. Expression of genes involved in the thioesterification, mitochondrial import, and ␤-oxidation of fatty acids was coordinately down-regulated after 7 days of right ventricular (RV) pressure overload. Results of RV pressure overload studies in mice transgenic for the promoter region of the gene encoding human medium-chain acyl-CoA dehydrogenase (MCAD, which catalyzes a rate-limiting step in the FAO cycle) fused to a chloramphenicol acetyltransferase reporter confirmed that repression of MCAD gene expression in the hypertrophied ventricle occurred at the transcriptional level. Electrophoretic mobility-shift assays performed with MCAD promoter fragments and nuclear protein extracts prepared from hypertrophied and control RV identified pressure overload-induced protein͞DNA interactions at a regulatory unit shown previously to confer control of MCAD gene transcription during cardiac development. Antibody ''supershift'' studies demonstrated that members of the Sp (Sp1, Sp3) and nuclear hormone receptor [chicken ovalbumin upstream promoter transcription factor (COUP-TF)͞erbA-related protein 3] families interact with the pressure overload-responsive unit. Cardiomyocyte transfection studies confirmed that COUP-TF repressed the transcriptional activity of the MCAD promoter. The DNA binding activities and nuclear expression of Sp1͞3 and COUP-TF in normal fetal mouse heart were similar to those in the hypertrophied adult heart. These results identify a transcriptional regulatory mechanism involved in the reinduction of a fetal metabolic program during pressure overload-induced cardiac hypertrophy.
Fatty acid oxidation (FAO) is the major source of energy in the adult mammalian heart (1). The chief myocardial energy source switches from glucose and pyruvate in the fetal period to fatty acids after birth (1, 2) . Studies in a variety of mammalian species, including humans, have shown that with cardiac hypertrophy, myocardial glucose utilization increases and FAO decreases: a reinduction of the fetal energy metabolic program (3) (4) (5) (6) (7) (8) . Myocardial energy utilization pathways also undergo alterations during cardiac hypertrophy, as evidenced by the re-expression of the fetal isoforms of a variety of ATPases involved in contractile function (e.g., myosin heavy chains) and ion homeostasis (e.g., Ca 2ϩ -and Na ϩ -K ϩ ATPases) (9) (10) (11) (12) (13) (14) (15) (16) . Accordingly, reactivation of fetal gene regulatory programs in the hypertrophied heart may serve to reduce ATP and oxygen consumption requirements, albeit at a cost of diminished energy-producing capacity and contractile reserve. Little is known about the molecular regulatory mechanisms involved in this cardiac energy substrate switch.
Several observations suggest that reduced capacity for myocardial FAO is linked to cardiac hypertrophic growth. Humans with inborn errors in mitochondrial FAO cycle enzymes often develop ventricular hypertrophy in the absence of stimuli (such as hypertension) known to induce cardiac hypertrophy (17) . Further, cardiac hypertrophy develops in rodents fed drugs that inhibit fatty acid import into the mitochondrion (18) (19) (20) . Taken together with the results of studies demonstrating that fatty acid utilization is reduced during pressure overload-induced hypertrophy, these findings suggest that regulatory pathways involved in myocardial lipid metabolism are coupled to cardiac hypertrophic growth.
We recently have demonstrated that the expression of mitochondrial FAO cycle enzymes is down-regulated at the pretranslational level in failing human and rat heart (21) . We sought to characterize regulation of FAO enzyme gene expression with short-term pressure overload-induced cardiac hypertrophy and to delineate the trans-acting regulatory factors involved in this response. In this report, we demonstrate that during development of pressure overload-induced ventricular hypertrophy, FAO enzyme gene expression is repressed through reactivation of fetal transcriptional control via the orphan nuclear receptor chicken ovalbumin upstream promoter transcription factor I (COUP-TF)͞erbA related protein 3. Our data also implicate the transcription factors Sp1 and Sp3 in this cardiac energy metabolic gene regulatory pathway.
METHODS
Pulmonary Artery Banding (PAB) Protocol. PAB studies were performed in adult C57BL͞6 ϫ SJL͞J mice (n ϭ 19) for 7 days as described previously (22) . In brief, after induction of anesthesia and intubation, the main pulmonary artery was isolated by blunt dissection, and a suture was placed around the vessel and tied against a 25-gauge blunt needle to produce a stenosis. Shamoperated animals (n ϭ 24) underwent the identical surgical procedure except that the constriction was not placed. After 7 days, animals from the PAB and sham groups were killed, and ventricular and atrial chambers were dissected out and snapfrozen. The mean age of the mice was 9 months with a similar distribution of male and female animals between the PAB and control groups. Animal experiments were conducted in strict accordance with the National Institutes of Health guidelines regarding humane treatment for the care and use of laboratory animals. All animal experiments were reviewed and approved by the Animal Care Committees of Washington University and the University of California at San Diego.
Northern and Protein Immunoblot Studies. RNA isolation and Northern blot analyses were performed (21) with the cDNA probes described in Results. Total RNA was isolated from mouse left ventricle (LV) and right ventricle (RV). Protein immunoblot studies were performed as described (23) , with crude nuclear protein extracts prepared from adult mouse RV or LV or pooled mouse embryonic day 16.5 hearts. The following polyclonal antibodies were used: anti-medium-chain acyl-CoA dehydrogenase (MCAD) (21), anti-long-chain acyl-CoA dehydrogenase (a gift from Arnold Strauss, Washington University), anti-Sp1 and anti-Sp3 (Santa Cruz Biotechnology), anti-COUP-TF [a gift from A. J. Butler, Imperial Cancer Research Fund, London (24)], anti-peroxisome proliferator activated receptor ␣ [a gift from Michael Arand, University of Mainz, Germany (25) ], and antiactin (universal actin antibody, Sigma). The anti-COUP-TF antibody recognizes both COUP-TFI and COUP-TFII isoforms (24) .
Transgenic Mice and Chloramphenicol Acetyltransferase (CAT) Enzyme Activity Studies. Production and characterization of the MCADCAT.371 transgenic mice have been described (26) . Pulmonary artery banding and sham procedures were performed on mice from two independent transgenic lines. CAT enzyme activities were determined on tissue extracts by use of an assay described previously (26) .
Electrophoretic Mobility-Shift Assays (EMSAs). EMSAs were performed with crude nuclear extracts prepared from pooled embryonic (day 16.5 and 19.5) mouse hearts and adult control and hypertrophied RVs, as described (26) . The following sense strand nucleotide sequences represent the probes used in the EMSAs: 371͞255 (the combined nuclear hormone receptor response element (NRRE)-1͞site A sequence) 5Ј-TTGAATC-CGCCA AGCAGACACGATCTGGGT T TGACCT T TC-TCTCCGGGTA A AGGTGA AGGCTGACCACGGG-GGCCGCTCTCCCTCCAGGCCCCAGCCACGCCCTC-TAACCCAGGTTC-3Ј; NRRE-1, 5Ј-GATCCGGGTTTGA-CCTTTCTCTCCGGG; and site A, 5Ј-GATCCGGCCCCAGC-CACGCCCTCTAACCCAG-3Ј (underlined nucleotides represent partial restriction endonuclease sites added to facilitate cloning). Antibody ''supershift'' experiments were performed with the antibodies described above except that a different anti-COUP-TF antibody was used (a gift from Ming-Jer Tsai, Baylor University).
Cell Culture and Cotransfection Studies. Cardiomyocytes were prepared from 1-day-old rats as described (26) . Transient transfections were performed with DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate) (Boehringer Mannheim) in 12-well collagen-coated dishes. For each transfection, 4 g of reporter DNA and 2 g of a plasmid containing a ␤-galactosidase gene downstream of the Rous sarcoma virus promoter were added to 15 l of DOTAP-Hepes solution and incubated for 15 min at room temperature. In some dishes 1 g of pCDM.COUP, a mammalian expression vector containing a human COUP-TF I cDNA downstream of a cytomegalovirus promoter (27) was added. One g of pCDM(Ϫ), the expression plasmid backbone lacking the COUP-TF I cDNA, was added to dishes not containing pCDM.COUP. The mixture was subsequently added to the primary cardiocytes before initial plating. The cells were washed and refed the next morning. The cells were harvested 48 hr after plating. Luciferase activity was measured by the standard luciferin-ATP assay, and ␤-galactosidase activity was measured by the Galacto-Light chemiluminescence assay (Tropix, Bedford, MA) in an Analytical Luminescence Monolight 2010 luminometer. The reporter plasmid used for the experiments (MCADLuc.371) contains the identical MCAD promoter fragment present in the MCADCAT.371 construct fused to a luciferase reporter in the pGL2-basic plasmid (Promega).
Statistical Analysis. Differences between values for mRNA, protein levels, CAT enzyme activities, and luciferase activities were determined with the unpaired or paired Student t tests. A statistically significant difference was defined as a P value Ͻ 0.05. All values shown represent the mean Ϯ SEM.
RESULTS

Expression of Fatty Acid Oxidation and Glycolytic Enzymes Is
Regulated at the Pretranslational Level During Pressure Overload-Induced Cardiac Hypertrophy. To characterize the expression of genes encoding enzymes involved in myocardial fatty acid and glucose utilization pathways, Northern blot studies were performed with RNA isolated either from the RV of mice subjected to PAB or ventricles of sham-operated controls. After 7 days of pressure overload, a significant increase (P Ͻ 0.01) was observed in mean absolute RV weight (from 29.8 Ϯ 0.7 mg to 62.0 Ϯ 3 mg), RV͞total body weight ratio (from 96 Ϯ 2 to 202 Ϯ 12 ϫ 10 Ϫ5 ), and RV͞LV weight ratio (from 0.41 Ϯ 0.01 to 0.94 Ϯ 0.07) in the PAB group compared with values in controls. Levels of mRNA encoding the following enzymes involved in the myocyte fatty acid utilization pathway were evaluated: long-chain acyl-CoA synthetase, the cytosolic enzyme that catalyzes the formation of fatty acyl-coenzyme A thioesters from free fatty acids entering the cell; the muscle isoform of carnitine palmitoyltransferase I, the integral outer mitochondrial membrane protein that catalyzes the initial step in mitochondrial import of long-chain acyl-CoA; and enzymes that catalyze the first (longchain acyl-CoA dehydrogenase and MCAD) and third (longchain 3-OH acyl-CoA dehydrogenase) steps of the mitochondrial ␤-oxidation cycle. For comparison, mRNA encoding the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also examined. The expression of all FAO enzyme mRNAs evaluated was significantly lower in the hypertrophied RV than in ventricles from control mice (Fig. 1A) . Mean longchain acyl-CoA synthetase and muscle isoform of carnitine palmitoyltransferase I mRNA levels were reduced to 21 Ϯ 2% (P Ͻ 0.001) and 60 Ϯ 2% (P ϭ 0.004) of control levels, respectively (Fig. 1B) . Mitochondrial ␤-oxidation cycle enzyme mRNA levels were markedly lower in the hypertrophied ventricles (long-chain acyl-CoA dehydrogenase mRNA levels were 40 Ϯ 5% of control levels, P Ͻ 0.001; MCAD mRNA levels 15 Ϯ 2% of control, P Ͻ 0.001; and long-chain 3-OH acyl-CoA dehydrogenase mRNA levels 23 Ϯ 3% of control, P Ͻ 0.001). In contrast, mean GAPDH mRNA levels were 75 Ϯ 10% higher in the pressure-overloaded RVs than in controls (P ϭ 0.01; Fig. 1 A and B), consistent with the known increase in glucose utilization in the hypertrophied heart. As expected, expression of atrial natriuretic factor mRNA, a known marker for ventricular hypertrophy, was markedly induced in samples from hypertrophied RV. ␤-actin mRNA levels were modestly increased in the hypertrophied RVs compared with those in controls. Immunoblot studies demonstrated that MCAD and anti-long-chain acyl-CoA dehydrogenase protein levels paralleled the corresponding mRNA levels (data not shown). These results indicate that the expression of genes encoding cardiac fatty acid utilization enzymes is coordinately repressed at the pretranslational level, in parallel with the known reduction in myocardial fatty acid utilization during pressure overload-induced cardiac hypertrophy.
Repression of MCAD Gene Expression During Cardiac Hypertrophy Occurs at the Transcriptional Level Through cisActing Sequences Within the Proximal Promoter Region.
To determine whether the repression of MCAD gene expression during pressure overload-induced cardiac hypertrophy occurs at the level of transcription, PAB studies were repeated on mice transgenic for a 560-bp human MCAD promoter fragment fused to a CAT reporter (MCADCAT.371). Previous studies have shown that the expression of MCADCAT.371 in the developing murine heart parallels that of the endogenous MCAD gene (26) . Specifically, expression of the MCADCAT.371 transgene is induced markedly after birth in parallel with increased postnatal myocardial fatty acid utilization rates. MCAD and CAT mRNA levels were coordinately down-regulated in the pressureoverloaded RV compared with levels in the control group and compared with those in the contralateral LV within the same animal (representative Northern blot shown in Fig. 2A ). In the RV hypertrophy group, mean RV MCAD and CAT mRNA levels were 14 Ϯ 2% (P Ͻ 0.001) and 22 Ϯ 5% (P Ͻ 0.001) of control levels, respectively (Fig. 2B) . Mean RV CAT enzyme activity in the PAB group was 22 Ϯ 10% (P Ͻ 0.001) of corresponding control values (Fig. 2B) . As expected, RV GAPDH mRNA levels were up-regulated by 73 Ϯ 8% (P ϭ 0.01) in the PAB group. In the LV, mean MCAD, CAT, and GAPDH mRNA levels were not significantly different in the PAB and control groups (Fig. 2 A) . Similar, but less pronounced, results were observed in the hypertrophied LV after aortic banding (parallel experiments, data not shown). These results indicate that repression of MCAD expression during cardiac hypertrophy occurs solely or in large part at the level of gene transcription, that the cis-acting elements involved in this transcriptional regulatory mechanism are located within the proximal MCAD promoter, and that the upstream signaling pathway involved in this energy metabolic response is triggered by the direct effect of the pressure overload stimulus.
The Fetal Pattern of Protein͞DNA Interactions Is Reactivated at a Pressure Overload-Responsive MCAD Promoter Unit (NRRE-1͞site A) . Previous studies have shown that the proximal MCAD promoter region consists of three transcriptional regulatory units, each composed of a NRRE (NRRE-1, -2, or -3) juxtaposed to a GC-rich sequence (sites A, B, or C) (elements shown schematically in Fig. 2 A; ref. 28) . As an initial step in the localization of the MCAD gene promoter pressure overloadresponsive regions, EMSAs were performed with a series of probes derived from overlapping DNA fragments spanning the entire proximal MCAD promoter region from bp Ϫ371 to bp ϩ189 (relative to the transcription start site ϭ ϩ1). EMSA performed with a probe spanning the NRRE-1͞site A unit (probe 371͞255, which includes human MCAD gene promoter sequence from bp Ϫ371 to bp Ϫ255, see Methods) demonstrated a significantly increased formation of DNA͞protein complexes with crude nuclear protein extract prepared from hypertrophied mouse RV samples compared with sham-operated control samples (data not shown). We have shown previously that the NRRE-1͞site A unit is required for appropriate cardiac developmental stage-specific expression of the MCADCAT.371 transgene (26) . To further characterize the protein͞DNA interactions at the NRRE-1͞site A unit, separate probes containing either the NRRE-1 or site A sequence were used in EMSAs. As we have observed previously (26) , the NRRE-1 probe formed two specific complexes (I and II) with cardiac nuclear proteins. Formation of complex I, but not complex II, was increased with the nuclear extracts prepared from the hypertrophied ventricle (Fig. 3A, lanes  2, 3) . With the site A probe, formation of the three specific complexes (I, II, III) with the extracts derived from hypertrophied RV was markedly increased (Fig. 3A, lanes 5-7) . Parallel competition studies with unlabeled specific and unrelated doublestranded oligonucleotides confirmed that complexes I and II with the NRRE-1 probe and complexes I to III with the site A probe represented specific DNA͞protein interactions (data not shown).
The EMSAs also were performed with cardiac nuclear proteins prepared from normal embryonic day 16.5 (E16.5) mouse heart to determine whether the hypertrophy-induced protein͞DNA interactions involved reactivation of the fetal DNA binding patterns. The DNA͞protein interaction patterns observed with the E16.5 extracts were nearly identical to those observed with the samples from hypertrophied ventricle with either probe; bands representing complex I (with the NRRE-1 probe) and those representing complexes I, II, and III (with site A) were significantly more intense than the corresponding bands seen with the control samples from adult mice (Fig. 3A, lanes 3, 4, 7, 8 ). These data suggest that repression of MCAD gene expression during cardiac hypertrophic growth involves reactivation of fetal transcriptional control mechanisms at NRRE-1 and site A.
Members of the Nuclear Hormone Receptor and Sp Families of Transcription Factors Bind the MCAD Gene HypertrophyResponsive Unit.
To identify the proteins involved in the pressure overload-induced interactions at the NRRE-1͞site A unit, antibody ''supershift'' studies were performed. Previous studies performed in vitro have shown that NRRE-1 is a pleiotropic NRRE that confers bidirectional transcriptional regulation via activator (e.g., retinoid X receptor ␣) and repressor (COUP-TF) transcription factors (27, 29) . The actual nuclear receptors involved in the control of MCAD gene expression in vivo are unknown, although the results of recent antibody supershift studies with normal adult mouse heart nuclear protein extract have identified COUP-TF or a closely related protein within complex I of the NRRE-1͞protein interaction (26) . The putative activator(s) in complex II remain unidentified. EMSAs performed with anti-COUP-TF antibody and the NRRE-1 probe revealed that complex I, but not complex II, was supershifted by the antibody (Fig. 3B) . Thus, the known transcriptional repressor COUP-TF or an antigenically related protein is indeed present within the induced complex I.
Previous in vitro studies have shown that Sp1 is capable of binding MCAD promoter site A (28) . Accordingly, antibodies to multiple members of the Sp transcription factor family were used in supershift studies in an attempt to identify the proteins involved in the pressure overload-induced interactions at site A. Complex   FIG. 3 . Binding of Sp proteins and COUP-TF to the MCAD promoter unit NRRE-1/Site A is induced in response to pressure overload. (A) Representative EMSAs performed with site A and NRRE-1 probes with nuclear protein extract (CNE) prepared from RV of sham-operated control mice (C), RV subjected to PAB for 7 days (H), and normal fetal (E16.5) mouse heart (F). Specific complexes are denoted by roman numerals and nonspecific interactions by NS (as defined by competition studies with unlabeled DNA fragments). (B) Antibody supershift studies performed with NRRE-1 and site A probes and nuclear protein extracts prepared from the RV of the PAB mice. Antibodies (Ab) to COUP-TF (COUP), Sp1, and Sp3 were added to the samples in lanes 3, 6, 7, and 8. Preimmune serum (PI) was added to lanes 2 and 5 as a control. Supershifted immune complexes (IC) are denoted by brackets at right margins.
I was partially supershifted with an anti-Sp1 antibody, but not by preimmune serum (Fig. 3B, lane 6) . When an anti-Sp3 antibody was used, formation of complexes I was diminished and complex II was abolished (Fig. 3B, lane 7) . Addition of both anti-Sp1 and anti-Sp3 to the sample completely supershifted complex I and abolished complex II (Fig. 3B, lane 8) . These results indicate that complex I contains both Sp1 and Sp3, whereas complex II contains Sp3 only. The Sp antibodies did not recognize complex III. Supershift studies with anti-Sp4 did not recognize any of the complexes (data not shown).
The identification of COUP-TF as one of the candidate factors responsible for the down-regulation of MCAD gene transcription in response to pressure overload is consistent with its known role as a repressor. We have shown previously that COUP-TF represses the transcriptional activity of homologous or heterologous promoters via NRRE-1 in cotransfection studies performed in several mammalian cell lines, including hepatoma G2, CV-1, and NIH 3T3 cells (27, 28) . MCAD promoter elements NRRE-2 and NRRE-3 (labeled N2 and N3 in Fig. 2 A) also confer modest transcriptional repression by COUP-TF (28) . To confirm that COUP-TF does act to repress MCAD gene transcription in the cardiomyocyte, cotransfection experiments were performed in which primary rat neonatal cardiomyocytes were transfected with a plasmid containing the same 560-bp promoter fragment present in MCADCAT.371 fused to a luciferase reporter (MCADLuc.371) in the presence or absence of a mammalian expression vector containing a COUP-TF I cDNA (pCDM.COUP). As shown in Fig. 4 , cotransfection of pCDM.COUP markedly reduced MCADLuc.371 activity (to 28 Ϯ 4% of control). These results are consistent with those of the EMSAs in the in vivo pressure overload studies described above, and taken together implicate COUP-TF as a repressor of MCAD gene expression during pressure overload-induced cardiac hypertrophy.
Nuclear Levels of Sp 1͞3 and COUP-TF Parallel MCAD Promoter Binding Activities in Developing and Hypertrophied Mouse Heart. To determine whether expression of Sp1, Sp3, and COUP-TF parallel MCAD promoter binding activities during cardiac hypertrophy and in the fetal heart, steady-state nuclear levels of these transcription factors were delineated by Western blot analysis. As shown in Fig. 5 , steady-state nuclear levels of Sp1, Sp3, and COUP-TF are significantly higher in hypertrophied RV and fetal heart nuclear protein extracts compared with normal adult control RV samples. In contrast, levels of anti-peroxisome proliferator activated receptor ␣, an orphan nuclear receptor known to induce expression of FAO enzyme genes including MCAD (29), followed a reciprocal pattern. Given that the fetal samples represented both RV and LV tissue, the immunoblot studies also were performed with nuclear proteins prepared from RV and LV of normal adult mice to address the possibility that the observed results were due to chamber-specific expression of these factors. The nuclear levels of Sp1 and COUP-TF were identical in RV and LV (data not shown), indicating that chamber-specific expression does not likely account for the differential pattern of expression observed in adult versus fetal heart samples. These data indicate that the nuclear expression of several Sp and nuclear receptor transcription factors is induced to fetal levels in response to pressure overload of the ventricle.
DISCUSSION
During the fetal stages of the developing mammalian heart, glucose and pyruvate serve as chief energy substrates (1, 2) . After birth, the capacity for myocardial fatty acid oxidation increases markedly to meet the increased energy demands of the postnatal heart (30) (31) (32) (33) . During the development of cardiac hypertrophy, glycolysis increases and fatty acid utilization decreases, a reversion toward the fetal pattern of cardiac energy metabolism. Our findings demonstrate that the expression of genes involved in cellular fatty acid and glucose utilization parallel the alterations in myocardial energy substrate preferences known to occur during cardiac hypertrophy. We also demonstrate that cardiac expression of the gene encoding MCAD, which catalyzes a rate-limiting step in the ␤-oxidation cycle, is repressed in response to pressure overload through reactivation of fetal transcriptional control mechanisms. These results are consistent with previous reports demonstrating that pressure overload-induced cardiac hypertrophy activates expression of the fetal isoforms of genes encoding a variety of cardiac ATP-utilizing proteins, including the cardiac myosin heavy chains (15) , sarcolemmal Na ϩ , Kϩ-ATPase (16) , and the sarcoplasmic reticulum calcium ATPase (14) . Thus, the paradigm of pressure overload-induced activation of the cardiac fetal gene program should be extended to include energyproducing as well as energy-utilizing pathways.
Previous studies have shown that expression of the transcription factors Fos and Jun are induced as an immediate early response to ventricular pressure overload (34) (35) (36) , ␣ 1 -adrenergic agonist-induced hypertrophy (37), or cardiomyocyte stretch (38) . Our data identify two groups of transcription factors involved in the later stages of the hypertrophic response. To our knowledge this is the first report of a cis-acting hypertrophy-responsive element and corresponding trans-acting regulatory proteins in an in vivo preparation of ventricular pressure overload. We show that COUP-TF͞erbA related protein 3 interacts with the cis-acting element NRRE-1͞site A to repress MCAD gene transcription during cardiac hypertrophic growth. We also demonstrate that binding of Sp1 and Sp3 to site A is induced during cardiac hypertrophy. Although members of the Sp family may act as transcriptional activators, both Sp1 and Sp3 also have been shown to repress gene expression in a promoter context-dependent manner (39) (40) (41) . Recently, we have identified a series of Spbinding sites in the promoter region of the gene encoding the muscle isoform of carnitine palmitoyltransferase I, which catalyzes the rate-limiting step in mitochondrial fatty acid import (unpublished data), suggesting a general role for Sp proteins in the coordinate regulation of genes involved in cardiac fatty acid oxidation. Future studies will be necessary to determine whether Sp1 or Sp3 actually repress transcription of genes encoding MCAD and other FAO enzymes.
Our findings and the results of recent studies by others suggest that the transcriptional regulatory pathway described here is linked to other genes known to be regulated during cardiac hypertrophy. For example, an Sp1 binding site within the skeletal ␣-actin gene promoter is required for transactivation of this gene during hypertrophic growth of rat neonatal cardiocytes in cell culture studies (42) . Thus, it is possible that Sp1 may function as an activator (e.g., skeletal ␣-actin) or repressor (e.g., MCAD) in a promoter-specific manner in response to upstream signals that trigger hypertrophic growth. Two recent reports (43, 44) indicate that nuclear receptor signaling pathways are also involved in cardiac hypertrophy programs. In these studies, the retinoid X receptor ␣ antagonized ␣-adrenergic agonist-or endothelinmediated cardiomyocyte hypertrophy in cell culture. We have shown previously that COUP-TF competes with retinoid X receptor ␣ for binding to NRRE-1 to repress transcription (27) . It is tempting to speculate that COUP-TF, as a known antagonist of retinoid X receptor, regulates the expression of many genes during cardiac hypertrophy.
Our data do not allow us to delineate the upstream regulatory mechanisms involved in the induction of COUP-TF and Sp1͞3 DNA binding activities during cardiac hypertrophy. Our immunoblotting studies indicate that the nuclear levels of these factors increase during development of hypertrophy. The mechanism involved in the increased nuclear levels of these factors is unknown but could involve a post-translational modification such as phosphorylation. The results of previous studies have implicated mitogen-activated phosphorylation events in the cardiac growth response (45, 46) . Recent reports have also shown that several nuclear hormone receptors, including the estrogen receptor and orphan receptor antiperoxisome proliferator activated receptor ␥ are targets for mitogen-activated kinases (47, 48) . Others have shown that a DNA-dependent kinase phosphorylates members of the Sp family to modify DNA binding activities (49) . We speculate that growth factor signaling pathways play a role in the activation of the transcription factors described here. Future studies exploring the potential link between COUP-TF, Sp1͞3, and upstream signaling pathways should prove interesting.
In summary, we have identified a gene regulatory mechanism involved in the energy substrate switch known to occur during cardiac hypertrophy. This mechanism involves reactivation of fetal transcriptional control via members of the Sp and COUPTF͞erbA related protein 3 families of transcription factors. These data and the results of previous studies suggest that this regulatory pathway is linked to other genes regulated during hypertrophic growth of the cardiac myocyte. This pathway should be a useful target for future experimental studies aimed at the characterization of the coupling of upstream signaling and transcriptional regulatory events during myocyte growth.
